Mutations in either the mitochondrial or nuclear genomes can give rise to respiratory chain disease (RCD), a large class of devastating metabolic disorders. Their clinical management is challenging, in part because we lack facile and accurate biomarkers to aid in diagnosis and in the monitoring of disease progression. Here we introduce a sequential strategy that combines biochemical analysis of spent media from cell culture with analysis of patient plasma to identify disease biomarkers. First, we applied global metabolic profiling to spotlight 32 metabolites whose uptake or secretion kinetics were altered by chemical inhibition of the respiratory chain in cultured muscle . These metabolites span a wide range of pathways and include lactate and alanine, which are used clinically as biomarkers of RCD. We next measured the cell culture-defined metabolites in human plasma to discover that creatine is reproducibly elevated in two independent cohorts of RCD patients, exceeding lactate and alanine in magnitude of elevation and statistical significance. In cell culture extracellular creatine was inversely related to the intracellular phosphocreatine:creatine ratio suggesting that the elevation of plasma creatine in RCD patients signals a low energetic state of tissues using the phosphocreatine shuttle. Our study identifies plasma creatine as a potential biomarker of human mitochondrial dysfunction that could be clinically useful. More generally, we illustrate how spent media from cellular models of disease may provide a window into the biochemical derangements in human plasma, an approach that could, in principle, be extended to a range of complex diseases.
biochemical genetics | biomarker | metabolomics | mitochondria T he respiratory chain (RC) of mammalian cells comprises a series of five enzymatic complexes embedded in the inner mitochondrial membrane and serves as the machinery for oxidative phosphorylation. Changes in RC activity influence key parameters such as the cellular energy charge and the NADH/ NAD + ratio and can impact the numerous metabolic pathways coupled to the RC directly or indirectly. In humans, inherited defects in mitochondrial (mt) or nuclear genes that encode RC proteins or factors necessary for its maturation and assembly lead to respiratory chain disease (RCD) (1) . It is estimated that RCD affects at least 18.4 in 100,000 people (2) and represents the most common group of inborn errors of metabolism (3) .
The clinical presentation of RCD is highly variable in severity, age of onset, and the combination of organ systems involved, and the factors contributing to this variability are poorly understood (1) . Consequently, the diagnosis can be challenging, and there are very limited means of objectively monitoring disease progression. A number of diagnostic algorithms have been proposed (4-6) that integrate clinical, biochemical, histological, and molecular findings. Abnormal concentrations of several metabolites in biological fluids, including the elevation of lactate, alanine, pyruvate, and the lactate/pyruvate ratio, represent a minimally invasive component of these algorithms. Altered levels of various tricarboxylic acid (TCA)-cycle intermediates, other organic acids, amino acids, and acylcarnitines also have been associated with RCD (7-11), although these reports often are based on isolated cases and have not been reproduced widely enough to be incorporated into diagnostic algorithms. Lactate, the most widely used metabolic marker, unfortunately often is not elevated in RCD patients and may be elevated as the result of various other causes unrelated to RCD (8, 9) . A reliable, simple-to-measure marker of RCD is not currently available (10) . A systematic evaluation of metabolic alterations in RC dysfunction is needed to define a disease signature; such a signature could reveal the cellular pathways contingent on RC activity and provide new markers that increase the accuracy of RCD diagnosis and improve the monitoring of disease progression and therapeutic response. Clinical investigation of rare disorders is limited by the relatively small patient population and the challenges of potential confounding factors. Disease models enable the study of well-defined defects and can focus the clinical investigation on fewer, more probable hypotheses. In particular, in cultured cells, the extracellular metabolic profile provides rich information on consumption and secretion of metabolites and has been used previously as an innovative method for rapidly classifying yeast mutants that were otherwise indistinguishable from wild type (12) . Inspired by this approach, we hypothesized that the culture media profile of a cellular RCD model similarly could capture features of the metabolic derangements in the plasma of RCD patients. This hypothesis stems from the notion that the net sum of secretion and consumption by all body cells determines the concentration of metabolites in plasma. We recently have developed a targeted mass spectrometry (MS) method capable of measuring 191 metabolites in biological samples (13, 14) . Importantly, this method spans a wide biochemical spectrum including amino acids, organic acids, nucleotides, and sugars, enabling simultaneous monitoring of multiple pathways. Here, we apply this technology to derive an extracellular profile of RC dysfunction from a cellular disease model and then examine this profile in plasma from individuals with RCD. To whom correspondence should be addressed. E-mail: vamsi@hms.harvard.edu.
This article contains supporting information online at www.pnas.org/cgi/content/full/ 0906039107/DCSupplemental. tubes using rotenone and antimycin, potent inhibitors of NADH dehydrogenase (complex I) and ubiquinol:cytochrome C oxidoreductase (complex III), respectively. We chose myotubes as a model system because of their high oxygen requirement and because skeletal muscle frequently is affected in RCD. The inhibitor concentrations we used were effective in blunting respiration, as is apparent from the decrease in the rate of oxygen consumption (Fig. S1 ), but did not decrease cell viability even after 24 h of drug treatment. We selected the incubation time (8 h), cell number (5 × 10 6 ), and media volume (10 mL) so as to produce at least a 2-fold elevation of lactate levels in the media compared with the vehicle control (DMSO). At the concentrations used, rotenone and antimycin elicited comparable effects on RC activity, as demonstrated by a similar decrease in oxygen consumption and a similar increase in lactate secretion (Fig. 1A) .
In the absence of any inhibitors, the media levels of 25 metabolites changed significantly (P < 0.05) over 8 h, reflecting consumption and secretion by cells. We detected the consumption of nutrients provided in the media, including amino acids (serine, tryptophan, tyrosine, phenylalanine, and leucine/ isoleucine) and choline. Changes in media levels of glucose and glutamine were not detected, probably because of their high concentration in media. We detected the secretion of a variety of metabolites, including amino acids that can be synthesized by mammalian cells (alanine, asparagine, ornithine, proline, aspartate, and glutamate), nucleosides (cytidine and uridine), and TCA-cycle intermediates (malate, 2-oxoglutarate, aconitate, succinate, and citrate), as well as creatine (Cr).
We next determined which uptake or release patterns were influenced by RC inhibition. We found a significant difference (P < 0.05) in the levels of 32 metabolites compared with DMSO (Fig. 1A ). Cultures treated with RC inhibitors exhibited greater secretion of lactate and alanine, known markers of human RCD. Glucose consumption was higher, together with the lactate pattern reflecting acceleration of nonoxidative glucose metabolism. In contrast, the uptake of multiple amino acids and choline was reduced, suggesting less biosynthesis of proteins and phospholipids, respectively. Six TCA-cycle intermediates exhibited altered secretion (citrate, aconitate, 2-oxoglutarate, succinate, fumarate, and malate); citrate and aconitate were secreted more slowly with both inhibitors, and the other four metabolites were secreted faster with one or both inhibitors. RC inhibition altered the media patterns of multiple other metabolites, including amino acids that can be synthesized (aspartate, asparagine, ornithine, and proline), purines (xanthine and inosine), pyrimidines (cytidine and uridine), and Cr.
We found multiple differences between the rotenone and the antimycin treatments (Fig. 1A) . Two metabolites, succinate and uridine, exhibited a particularly striking discordance, being significantly altered by both treatments but in opposite directions (Fig. 1A) . Succinate secretion was strongly enhanced with antimycin but blunted with rotenone. The succinate pattern, as well as the higher secretion of fumarate and malate with rotenone than with antimycin, suggest that the two inhibitors have opposite effects on succinate dehydrogenase (SDH or complex II) activity: Whereas antimycin blocks all enzymes transferring electrons to ubiquinone by preventing its reoxidation, rotenone disables only complex I (Fig. 1B) . It has been observed previously that complex I inhibition enhances SDH activity, potentially by making a larger part of the coenzyme Q pool available (15) . Modulation of SDH activity thus can account for the patterns of succinate, fumarate, and malate. Dihydroorotate dehydrogenase, a key enzyme in de novo pyrimidine biosynthesis, interacts with coenzyme Q similarly to SDH (16, 17) and therefore is expected to be affected by antimycin and rotenone in the same fashion. Indeed, the secretion of uridine, a product of this pathway, was elevated with rotenone but decreased with antimycin. Higher dependence on uridine salvage for pyrimidine nucleotide synthesis also might contribute to the slower uridine secretion with antimycin. Consistent with media uridine levels, intracellular levels of pyrimidine nucleotides, but not of purine nucleotides, were decreased significantly following antimycin treatment (Fig. S2 ). These findings demonstrate that altered extracellular levels of metabolites in RC-coupled pathways can reflect the location of enzymatic defects within the RC. To identify biochemical alterations in human RCD, we performed metabolic profiling on plasma from 16 patients (cohort 1 in Table  S1 ) and 25 healthy controls. All RCD patients had a pathogenic mutation (seven patients) or an abnormally low RC enzyme activity in muscle (nine patients) and had skeletal muscle involvement in their clinical presentation. The cohort included four patients with the mitochondrial encephalomyopathy, lactic acidosis, and stroke mutation (MELAS, mt A3243G), one patient with the myoclonus, epilepsy, and ragged-red fibers mutation (MERRF, mt A8344G), two patients with mtDNA deletions, and one patient with mtDNA depletion. Plasma was obtained during a routine outpatient visit. We detected 68 metabolites in plasma, including 26 of the 32 metabolites altered in culture media (cytidine, inosine, pentose-phosphate, aconitate, glycerol-phosphate, and quinolinate were not detected). The magnitude and significance of the difference between the patient group and the control group was calculated for each of the 26 culture-derived metabolites (Fig. 2) . Lactate and alanine, the two most commonly used plasma markers of RCD, were both elevated in patients (difference between patient and control group medians: +107% and +46%, respectively), with a statistically significant difference (P < 0.001) in lactate. Two other metabolites were significantly altered in patients compared with controls: Cr (+233%) and uridine (−24%). The three metabolites reaching statistical significance trended in the same direction as observed in cell culture media (Fig. 1A) with one of the inhibitors (elevated Cr secretion with rotenone and decreased uridine secretion with antimycin) or with both (elevated lactate secretion). The difference in Cr levels was calculated after five patients who were taking a Cr supplement at the time of the test were excluded from the analysis.
Creatine Is Reproducibly Elevated in Plasma of Individuals with RCD.
To assess rigorously the reproducibility of plasma metabolite differences, we evaluated a second, independent human cohort consisting of 14 RCD patients selected using the same inclusion criteria (cohort 2 in Table S1 ) and 4 healthy controls. Metabolite measurement in this cohort was done using complementary chromatographic methods (SI Materials and Methods). We found Cr levels to be significantly higher (P < 0.05) in the patient group (+201%), whereas the difference in lactate and uridine did not replicate significantly (P > 0.05). As in cohort 1, two patients in cohort 2 who were taking a Cr supplement at the time of the test were excluded from the analysis. It is notable that in comparison with lactate and alanine, which currently are used as markers of RCD, Cr exhibited a larger and more statistically significant difference between patients and controls in both cohorts (Fig. 3) .
These metabolic profiling studies reveal that extracellular Cr is elevated in response to RC inhibition in cultured cells and in human plasma of individuals with RCD. To examine the relation of the extracellular Cr level to the cellular energetic state, we treated cultured myotubes with the RC inhibitor rotenone, which we previously had found to increase Cr secretion (Fig. 1A) , and extracted intracellular metabolites after 8 h. The concentration of Cr is linked to the concentration of phosphocreatine (PCr) through the Cr kinase reaction, whose kinetics are influenced by the balance between mitochondrial oxidative phosphorylation activity and ATP demand (Fig. 4A) . The PCr/Cr ratio thus reflects the cellular energetic state. Proton NMR spectroscopy was used to measure absolute concentrations of Cr and PCr in the myotube extract ( Fig. 4B and SI Materials and Methods). In DMSO-treated cultures, PCr was slightly higher than Cr, comprising 58% of total Cr (PCr + Cr). This proportion is similar to previously reported measurements in skeletal muscle of healthy individuals at rest (18) . In the rotenone-treated cultures the size of the total Cr pool was similar, but PCr accounted for only 19% of the total, and Cr was significantly elevated (P = 0.0002). Cr release into the media was inversely correlated with the intracellular PCr/Cr ratio (Fig. 4C) .
Discussion
In the current study we derived an extracellular metabolic profile of RC dysfunction from a simple cellular disease model and used the profile to identify a reproducible plasma signature of human RCD. The use of a cellular model allowed us to study well-defined defects in two key enzymes of the RC. Concordance of metabolite trends in plasma with their trend in culture media supports a Differences between patient and control groups in plasma metabolites derived from the cellular model. Significance and magnitude of differences between plasma levels of patients and controls in cohort 1, for all 26 metabolites detected in human plasma out of the 32 metabolites altered in cell culture media (Fig. 1A) . Metabolites marked in red exhibited a significant difference (P < 0.001). functional link to the RC. Our findings suggest that consumption and secretion patterns in cell culture can capture, at least in part, the altered metabolic state in plasma of individuals with RCD. This approach could be applicable to other metabolic diseases that can be modeled adequately in cell culture. Characterizing the spectrum of metabolic alterations in RC dysfunction could reveal the pathways contingent on RC activity and holds potential for better understanding the pathogenesis of human RCD. A number of recent studies have each evaluated a single family of metabolites, such as amino acids or TCA-cycle intermediates, in biological fluids of individuals with RCD (7, 19) or in animal models of the disease (20) . In the current study we targeted multiple biochemical groups, enabling the discovery of a rich metabolic signature spanning amino acids and other nitrogenous compounds, glycolysis, the TCA cycle, purines, and pyrimidines (Fig. 1A) . Our decision to probe two key components of the RC, complex I and complex III, uncovered a wealth of metabolic differences between these two inhibition modes. Some of these differences can be attributed to the different effects rotenone and antimycin exert on RC-linked enzymes such as succinate dehydrogenase and dihydroorotate dehydrogenase (Fig. 1B) . For other differences, such as the greater elevation of Cr secretion with rotenone than with antimycin, the reason is not as clear. Importantly, combining a global profiling approach with probing of multiple RC complexes enabled us to highlight similarities between two different RC-coupled pathways: pyrimidine biosynthesis and the TCA cycle (Fig. 1B) . These findings enhance our understanding of the metabolic consequences of RC dysfunction and provide clues for the identification of specific enzymatic defects.
The pathogenesis of RCD has been associated with a low cellular energetic state. 31 P magnetic resonance spectroscopy ( 31 P-MRS), which can measure the concentration of ATP, PCr, and inorganic phosphate (P i ) noninvasively, has been used extensively to study the energetic state of muscle in this patient population. In muscle of individuals with RCD and myopathy, PCr and the PCr/P i ratio are decreased at rest, and the recovery of PCr after exercise is slow (21, 22) . 31 P-MRS also has detected low PCr in brain of individuals with RCD (21, 23) . Although 31 P-MRS offers direct and noninvasive measurement of the cellular energetic state, it is not in routine clinical use because it is technically difficult to perform, inaccessible to most clinical centers, and lacks diagnostic sensitivity for RCD (24) . In the current study, we demonstrate a correlation between extracellular Cr levels and intracellular PCr depletion in RC-inhibited myotubes (Fig. 4C) . Consistent with this cellular model, plasma Cr was elevated in individuals with RCD in two independent cohorts using two different measurement techniques (Fig. 3) . While numerous previous studies have demonstrated a PCr decrease in the muscle and brain of patients with RCD, the current study demonstrates that the plasma Cr level is elevated in these individuals and hence may reflect the intracellular energetic state. The effect of the intracellular energetic state on extracellular Cr levels may be mediated through the Cr transporter; indeed, accumulation of intracellular Cr was shown previously to inhibit uptake through this transporter (25) . In both the human cohorts studied here, the elevation in plasma Cr was larger in magnitude and statistically more significant than the elevation of lactate and alanine, the most commonly used markers of RCD (Fig. 3) . If our results are corroborated in future independent cohorts, measurement of plasma Cr could improve the accuracy of minimally invasive diagnosis of RCD and, importantly, provide a means for monitoring disease progression. Oral Cr supplementation often is prescribed to individuals with RCD and myopathy with the goal of improving muscle function (26, 27) ; baseline plasma Cr measurement may be informative for predicting whether Cr supplementation is likely to be effective.
The potential influence of confounding factors is a major challenge in the clinical investigation of rare disorders, in which cohort sizes are relatively small. With respect to plasma Cr, dietary intake of Cr as a supplement or in food is an important potential confounder. We were careful to exclude from our analysis patients who were taking an oral Cr supplement. Although our first human cohort was not balanced with respect to recent food intake, replication of the Cr elevation in a second cohort, which was balanced in that respect, has increased our confidence that the elevation observed in the first cohort was not caused by dietary Cr. In addition, we have reported previously on the effect of glucose ingestion on the plasma levels of metabolites (14) ; although Cr was measured in plasma, glucose ingestion did not affect Cr plasma levels. We also considered as potential confounders age and gender, which were balanced in one of two cohorts (Materials and Methods). Future well-powered studies are needed to validate the elevation of plasma Cr in RCD patients. Furthermore, human in vivo studies will be required to explore the relationship between circulating Cr levels and the intracellular energetic state.
Metabolic profiling holds tremendous potential for understanding of human disease, improving diagnostics, and proposing therapies. In the current study we combined a cellular model with clinical investigation to gain insight into RCD, using metabolic profiling to explore a broad biochemical spectrum, and detected a rich profile implicating multiple pathways. Future work applying this approach to genetic disease models could reveal further how cells and organisms adapt to RC dysfunction and provide additional insight into RCD pathogenesis. This study offers proof of concept that extracellular profiling in culture may provide a window into the metabolic derangements in plasma, an approach that could be extended to complex human diseases.
Materials and Methods
RC Inhibition in Cell Culture. Mouse C2C12 myoblasts were obtained from ATCC and grown in DMEM (Sigma) containing 4.5 g/mL glucose with 10% FBS in 10-cm plates. To induce myotube differentiation, FBS was replaced with 2% horse serum (Sigma) for 4 days. On the day of the experiment, cultures were placed in 10 mL fresh media in the presence of 0.1 μM rotenone (Sigma; R8875), 0.5 μM antimycin (Sigma; A8674), or DMSO, and after 8 h of incubation spent media were sampled for metabolic profiling. The experiment was done in 8 biological replicates, and 8 samples of fresh media also obtained for comparison. To prepare media samples for LC-MS/MS analysis, 100 μL of media was mixed with 100 μL of ethanol solution (80% ethanol, 19.9% water, and 0.1% formic acid). After 20 min at 4°C, the samples were centrifuged at 15,000 × g for 15 min, and 180 μL of the supernatant was extracted and evaporated under nitrogen gas. Samples were reconstituted in 60 μL HPLC-grade water and analyzed. To measure intracellular metabolite levels, cell contents were extracted using 1 mL of a methanol solution (80% methanol, 20% water) at dry ice temperature, after aspirating all media and quickly washing samples with icecold PBS. The cell suspension was centrifuged at 14,000 × g for 10 min, and 100 μL of the supernatant was removed for analysis by NMR and liquid chromatography coupled with tandem MS (LC-MS/MS). To prepare for LC-MS/MS analysis, the supernatant was evaporated under nitrogen gas and reconstituted in 60 μL HPLC-grade water.
To evaluate the efficacy of RC inhibitors at the concentrations used, the oxygen consumption rate was measured few minutes before and after the addition of inhibitors or DMSO using a dedicated instrument (Seahorse Bioscience) as previously described (28) . The change in oxygen consumption was calculated from the ratio of the two measurements.
Cell viability was measured with a calcein assay (C34852; Invitrogen) after 24-h incubation with RC inhibitors or DMSO.
Human Subjects. The criterion for inclusion of RCD patients in the study was a confirmed diagnosis based either on the presence of a pathogenic mutation or on reduced RC activity in muscle and muscle involvement in the clinical presentation. Patients were tested during an outpatient visit to the mitochondrial clinic at Massachusetts General Hospital.
Cohort 1 included 16 patients (Table S1) , with one patient (#1080) tested on two separate visits 6 months apart, and 25 controls who were healthy adults participating in an epidemiologic study at Massachusetts Institute of Technology. The gender composition was similar in the patient group (56% females) and the control group (60% females). The patient and control groups were not balanced with respect to age or recent food intake: age was significantly (P < 0.05) lower in the control group (24 ± 4 years) than in the patient group (44 ± 13 years), and all control subjects were tested after overnight fast, whereas most patients were not fasting.
Cohort 2 included 14 patients (Table S1 ) and 4 controls who were healthy family members of patients visiting the mitochondrial clinic. The gender composition was not balanced between patients (50% females) and controls (0% females). The age of the patient group (31 ± 21 years) was lower than in the control group (49 ± 6 years), but the difference was not statistically significant (P > 0.05). The patient and control groups were balanced with respect to recent food intake.
The study was approved by the Institutional Review Boards of Massachusetts General Hospital and Massachusetts Institute of Technology, and informed consent was obtained from all participants.
Plasma extraction and preparation for LC-MS/MS analysis was done as previously described (14) .
LC-MS/MS Metabolic Profiling. Metabolite levels were measured by LC-MS/MS in culture media and in cohort 1 plasma as previously described (14) . Data were acquired using a 4000 QTRAP triple quadrupole mass spectrometer (Applied Biosystems/Sciex) equipped with an HTS PAL autosampler (Leap Technologies) and an Agilent 1200 Series binary HPLC pump. Multiple reaction monitoring was used to acquire targeted MS data for specific metabolites. Declustering potentials and collision energies were optimized for each metabolite by infusion of reference standards before sample analyses. MultiQuant software version 1.1 (Applied Biosystems/Sciex) was used for automated peak integration, and metabolite peaks were reviewed manually for quality of integration and compared against known standards to confirm identity. Measurement of plasma metabolites in cohort 2 was done using LC-MS/MS with the same equipment but different liquid chromatography methods (SI Materials and Methods).
Statistical Analysis. The significance of differences in metabolite levels between cell culture conditions or between patients and controls was evaluated using the Wilcoxon rank sum test. To correct for multiple hypotheses testing in cohort 1, a significance threshold of P = 0.001 was used.
